We show that the mutant plaques were much smaller in size and that maximal titers were reduced nearly 100-fold compared to wild-type virus. Electron microscopy indicated that the formation of nucleocapsids was not affected by the deletion of UL51 but that viral egress from the perinuclear space was severely compromised. In FDL51-infected cells, a large number of enveloped nucleocapsids were observed in the perinuclear space, but enveloped mature virions in the cytoplasm, as well as extracellular mature virions, were rarely detected. These defects were fully rescued by reinsertion of the UL51 gene. These results indicate that UL51 protein is involved in the maturation and egress of HSV-1 virus particles downstream of the initial envelopment step.
Herpes simplex virus (HSV) is a large DNA virus comprised of an icosahedral capsid surrounded by a protein tegument layer and a host-derived membrane or envelope (41) . Although the tegument has long been considered an amorphous mass of proteins, recent data have shown that it has an ordered structure and forms an asymmetric cap in mature HSV type 1 (HSV-1) virions (22, 49) . Furthermore, several of the 15 or more viral gene products comprising the tegument of mature extracellular HSV-1 virions have been shown to aid in the initiation of the viral replication cycle (34, 41) .
UL51 is a component of the tegument (13, 34, 41) that is conserved among herpesvirus family members but is dispensable for HSV-1 replication in cell culture (1, 2, 7, 11, 15, 19, 23, 31, 46) . We previously showed that the UL51 gene encodes virion-associated phosphoproteins with molecular masses of 27, 29, and 30 kDa that are expressed during the late phase of infection and, like most tegument proteins (41) , localize to the perinuclear region of the cytoplasm in infected cells (13) . We also reported that UL51 proteins colocalize with Golgi marker proteins in UL51-transfected cells but colocalize only partially with the Golgi during HSV infection (37) . Targeting of UL51 protein to the Golgi apparatus is regulated by posttranslational modification of the protein; specifically, palmitoylation of the N-terminal cysteine at position 9 (Cys-9) of the protein is important for targeting to the Golgi apparatus. UL51 protein is eventually incorporated into virions, localizing primarily to the inside of the viral envelope (37) .
HSV egress is a two-stage process whereby nucleocapsid is released into the cytoplasm following envelopment at the nuclear membrane and then undergoes secondary envelopment by Golgi-derived compartments (34, 43) . Although this process is still poorly understood, palmitoylated proteins have been shown to play an important role in either virus assembly or egress in a number of viruses, including vaccinia and sindbis virus (21, 25) . Given that UL51 gene products are palmitoylated, it is possible that these proteins play a role in virus assembly or egress in infected cells. Indeed, a recombinant virus with a deletion spanning the entire open reading frame (ORF) of UL50 and part of the UL51 ORF (the C-terminal 202 amino acid residues) shows impaired growth compared with wild-type or UL50-deficient virus (6) . Although these data imply that UL51 plays a role in viral replication in cell culture, the mechanism by which UL51 gene products act in viral replication remained unclear.
In this study, we generated a recombinant virus in which only the UL51 gene is deleted in order to determine the role of the UL51 gene product during viral replication. Studies with the recombinant virus revealed that the UL51 is involved in the maturation process of virus particles downstream of the initial envelopment.
bacterial artificial chromosome (BAC) sequence was inserted into the intergenic region between UL3 and UL4. YK304 shows the phenotypes identical to those of wild-type HSV-1(F) in vitro and in vivo (45) .
Plasmids. A cosmid containing nucleotides 77933 to 116016 of HSV-1(F) (pBC1007, GenBank accession no. X14112) was kindly provided by Bernard Roizman. pBS1007 was generated as follows: a 3.3-kb BglII-EcoRI fragment of pBC1007 encompassing the entire ORF of UL50 and one-third of the UL52 ORF at the 5Ј end (nucleotides 106750 to 110095) was blunt-ended by using T4 DNA polymerase and cloned into blunt-ended EcoRI-HindIII sites in pBluescript II KS(ϩ) (Stratagene).
The Flp recombinase expression plasmid pCP20Zeo was constructed by PCR amplifying the zeocin resistance gene from the pcDNA4/HisMax C cloning vector (Invitrogen) using 5Ј-CGGATCCTGATCAGCACGTGTTGACAATTA ATC-3Ј as the forward primer and 5Ј-GACTGCAGCGCGCTGGAGGATCAT CCAGCCGGCG-3Ј as the reverse primer. The PCR product was digested with BamHI and PstI and ligated into the BamHI and PstI sites of pCP20 (kindly provided by W. Wackernagel of Universitat Oldenburg, Germany [12] ). pGEX-49N and pGEX-49C were constructed by cloning PCR-amplified fragments encoding UL49 amino acids 1 to 167 and 135 to 301, respectively.
Construction of the recombinant viruses. The mutagenesis procedure was performed as previously described (48) , with slight modifications for alteration of the UL51 coding region in pYEbac102. Briefly, linear fragments were prepared by PCR using primer pairs containing 20 to 34 nucleotides for amplification of a kanamycin resistance gene from vector pCR2.1 (Invitrogen), 34 nucleotides of the FLP recognition target (FRT) sequence, and an additional 50 nucleotides homologous to the sequences flanking the HSV-1(F) UL51: 5Ј-cccctccatcccaca aacacaaaacacacgggttggatgaaaacacgcatGAAGTTCCTATTCTCTAG-AAAGTA TAGGAACTTCgacagcaagcgaaccggaat-3Ј as the forward primer and 5Ј-ccctcgg aggcggagccgcggctgcaggaggccctggcggtcgttaacgcGAAGTTCCTATACTTTCTA-G AGAATAGGAACTTCcggaaatgttgaatactcatactcttcctttttc-3Ј as the reverse primer (FRT sequences are shown in capital letters). The linear PCR-generated fragments were then electroporated into Escherichia coli DH10〉 YEbac201. YEbac201 harbors pYEbac102 (45) and pGETrec, which encodes recombinases E and T under the control of an arabinose-inducible promoter (a kind gift from P. Ioannou, Murdoch Children Research Institute, Australia). Electroporated bacteria were incubated at 37°C for 4 h and plated onto agar plates containing ampicillin (50 g/ml), chloramphenicol (20 g/ml), and kanamycin (20 g/ml) to select for E. coli cells carrying the kanamycin resistance gene inserted into the UL51 locus. HSV-BAC DNA was isolated as previously described (45) and analyzed by PCR with primers that correspond to the UL51 gene of HSV-1, which led to the identification of the mutant HSV-BAC plasmid pFDL51Kan. To remove the kanamycin resistance gene from the mutant HSV-BAC plasmid, the Flp expression plasmid pCP20Zeo was electroporated into E. coli FDL51bacKan, which harbor pFDL51Kan. The bacteria were plated on chloramphenicol-zeocin (20 g/ml) plates and grown overnight at 30°C. The plates were further incubated at 37°C overnight to remove pCP20Zeo. To confirm the loss of the kanamycin resistance gene, the colonies were restreaked in duplicate on chloramphenicol and choloramphenicol-kanamycin plates and grown overnight at 37°C. Chloramphenicol-resistant and kanamycin-sensitive colonies were selected, and mutated HSV-BAC DNA was extracted and analyzed by PCR to confirm loss of the kanamycin resistance gene. One clone, called pFDL51, was chosen for further analysis.
To generate the UL51 deletion virus FDL51, 1 g of pFDL51 was transfected into rabbit skin cells in 12-well plates by calcium phosphate precipitation (20) and incubated at 37°C. Viral plaques were observed 6 or 7 days after transfection, and recombinant viruses were plaque purified three times. In the recombinant virus FDL51R, the UL51 sequences deleted from FDL51 were restored by cotransfection of FDL51 viral DNA with the plasmid pBS1007 DNA. Plaques were isolated and purified and analyzed by PCR.
Southern blotting. Viral DNA was digested with AscI, subjected to electrophoresis on 0.7% agarose gels, and transferred to Hybond-Nϩ nylon membranes (Amersham Pharmacia). The blots were hybridized with the appropriate DNA probe labeled with horseradish peroxidase using enhanced chemiluminescence direct nucleic acid labeling and detection systems (Amersham Bioscience) according to the manufacturer's instructions.
Real-time quantitative PCR with a fluorogenic probe. The target sequence of each gene for this assay was selected from conserved regions in alpha-herpesviridae, and primers were designed using the software Primer Express (PE Applied Biosystems, Foster City, Calif.). The forward and reverse primer sequences were 5Ј-CATCGCCTTCCTTCCAAAACG-3Ј and 5Ј-GACATTGTCG TCCGTCGC-3Ј for UL50, 5Ј-CCCGACGCCTCGTGAAG-3Ј and 5Ј-TGCATG GTGAACCTAGAA-CGAC-3Ј for UL51, and 5Ј-CTCGTTTGCCGCCATCA C-3Ј and 5Ј-AGTACGCCCGCGGG-3Ј for UL52. The fluorogenic TaqMan probes with a sequence located between the PCR primers for UL50 (5Ј-GGAG GATGCCGGTTT-3Ј), UL51 (5Ј-CCGCACGTACCACGCC-3Ј), and UL52 (5Ј-GGTTCTGTTGCACGAG-3Ј) were synthesized by PE Applied Biosystems. Reactions were performed in a 50-l reaction volume with 500 ng of DNase-treated total RNA prepared from each HSV mutant-infected cell line, using the TaqMan Universal master mix (PE Applied Biosystems). Universal thermocycler conditions were used according to the manufacturer's instructions (ABI Prism 7700 sequence detection system; PE Applied Biosystems). Template-negative and reverse transcriptase (RT)-negative reactions served as controls. All samples were run in duplicate, together with reactions to quantify the expression of an internal control gene, 18S rRNA (product no. Hs99999901_s1; PE Applied Biosystems), to normalize for any differences in the amount of total RNA added (44) . The copy number of viral RNA transcripts was calculated based on the molecular mass of the plasmid pBS1007, which encoded the target HSV-1 genes, as follows: the cycle threshold (C T ) values from samples were plotted on the standard curve, and the copy number was calculated automatically by using Sequence Detector version 1.6 (PE Applied Biosystems), a software package for data analysis. Each sample was tested in duplicate or triplicate, and the mean of the values was taken as the copy number of the sample.
Western blotting and electron microscopy. Western blotting and electron microscopy were performed as previously described (37) .
Antibodies. Anti-VP22 rabbit polyclonal antibody was prepared as described elsewhere (42) . Briefly, two rabbits were immunized with GST-VP22 fusion protein that was expressed and purified from E. coli transformed with pGEX-49N or pGEX49C. Generation of antibodies to UL51, UL46, VP5, and VP16 was previously described (13, 26, 37) .
Determination of plaque size. Confluent monolayers of Vero cells in culture dishes were infected with mutant virus and incubated for 2 h at 37°C for virus adsorption. The medium was replaced with newly prepared medium supplemented with 2% fetal bovine serum and 160 g/ml of human immunoglobulin (Sigma) (38) , and cells were incubated for an additional 48 h at 37°C. For each virus mutant, 20 plaques were photographed and measured using a microscope equipped with a DS camera control unit DS-L1 (Nikon). Photos were processed and analyzed with Adobe Photoshop software.
One-step and multistep growth analysis. To examine replication kinetics, Vero cells were infected with FDL51, FDL51R, YK304, and HSV-1(F) at a multiplicity of infection (MOI) of 3 or 0.01 and incubated for 2 h at 37°C to allow for virus adsorption. Thereafter, the cell medium was replaced with newly prepared medium containing 2% fetal bovine serum. Cells and supernatants were harvested at the indicated times after infection. Virus progeny were titrated on Vero cells by plaque assays.
RESULTS
Generation of a UL51 deletion mutant by site-specific mutagenesis in E. coli. To explore the requirement for UL51 during HSV-1 replication in cultured cells, a UL51 deletion mutant virus was generated in the HSV-1(F) strain using the BAC system of recombination in E. coli, in which the recombinases RecE and RecT mediate recombination between linear and circular DNA molecules (48) . A linear recombination fragment containing the kanamycin resistance gene flanked by FRT sites and 50-bp regions homologous to HSV-1 sequences was generated by PCR ( Fig. 1A) and introduced into the HSV-1 BAC plasmid pYEbac102 by homologous recombination in E. coli (45) . Insertion of the kanamycin resistance gene marker resulted in the deletion of the majority of the UL51 ORF (pFDL51Kan) (Fig. 1B) . To avoid any disrupting expression of neighboring genes, we deleted only the C-terminal 202 amino acids (of a total of 244 amino acids) of the predicted product of UL51. Proper insertion of the recombination fragment within the HSV-1 genome was confirmed by sequencing (data not shown) and PCR ( Fig. 2A ).
An Flp-expressing plasmid, pCP20Zeo, was next transformed into E. coli harboring the mutant HSV-1 BAC pFDL51Kan in order to induce Flp-mediated excision of the FRT-flanked kanamycin resistance cassette. As shown in Fig. 1C and 2A , the 983-bp decrease in size of the mutant HSV-1 BAC plasmid upon excision of the kanamycin cassette was confirmed by PCR analysis (pFDL51). Further verification of excision was performed by PCR using one primer within the kanamycin cassette, which amplifies products from pFDL51Kan but not pFDL51 (Fig. 1B and 2A) . pFDL51 was then transfected into rabbit skin cells, and the UL51 deletion mutant strain (FDL51) was harvested and purified. Following construction of the FDL51 strain, a revertant strain in which the UL51 gene was rescued (FDL51R) was generated by cotransfection of the FDL51 viral DNA with the plasmid pBS1007 DNA containing the entire ORFs of UL50 and UL51 and one-third the ORF of UL52.
Viral genomic DNA was purified from the infected cell lysates, and correct recombination was confirmed by PCR ( Fig.  2A, right panel) . The PCR product amplified from FDL51 DNA using primer pairs flanking the UL51 ORF was smaller than that of the wild-type virus, as expected (Fig. 1C) , while that of FDL51R was the same as that of the wild type ( Fig. 2A,  right panel) . The predicted genome structures of mutant viruses were confirmed by Southern blot analysis using probes to UL50, UL51, and UL52 genes (Fig. 2B ). Viral DNA purified from infected cell lysates was digested with AscI and analyzed by Southern blotting using the EcoRI-HindIII fragment of pBS1007 as a probe. As expected, the 6.9-and 7.9-kbp AscI fragments detected in the wild-type parent virus YK304, HSV-1(F), and the revertant virus FDL51R were lost in FDL51 and instead, a new 14-kbp fragment was detected ( Fig. 2B and C) . These results indicate that part of the UL51 sequence was successfully deleted from the viral genome in the FDL51 mutant. Together with the above data, this confirms earlier data that UL51 is not essential for HSV-1 replication in cell culture. (Fig. 1D) .
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Expression of genes adjacent to UL51 is unaffected in the UL51 deletion mutant. Although we engineered our mutant to avoid disrupting expression at neighboring loci, the 5Ј end of UL52, a primase essential for viral DNA synthesis, has not yet been mapped (10, 18) . In addition, the dUTPase UL50 is just 5Ј to UL51 (16, 39) . As a result, we next examined whether expression from neighboring loci is influenced by deletion of the UL51 sequence, using real-time PCR to quantitate the expression of UL50 and UL52 in our FDL51 mutant. Plasmid DNA standards were used to generate a standard curve, which was used to calculate the copy number of viral transcripts, as previously described (9, 29) . Serially diluted pBS1007 was assayed by real-time PCR, using a standard curve for the C T values from the positive control. The C T value for each sample was calculated by determining the point at which the fluorescence exceeded a threshold limit (10 times the standard deviation from the baseline) (24) . A wide linear range (from 34 to 10 8 copies of the control plasmid) was established (Fig. 3B ). Samples lacking either template or reverse transcriptase tested negative for each primer and probe pair, confirming the specificity of the primers and the probe (data not shown).
Next, Vero cells infected with FDL51, FDL51R, YK304, and HSV-1(F) were harvested at 24 h postinfection and total RNA was extracted from the cells and treated with DNase. As shown in Fig. 3A , all viral transcripts except for the UL51 transcript in FDL51-infected cells were detected in the same volume of total RNA that was prepared from each virus-infected cell. The C T value was converted to the copy number based on the standard curve, and the gene expression in infected cells is shown in Fig. 3C .
As expected, expression of UL51 was not detected in FDL51-infected cells but was at wild-type levels in FDL51R-infected cells, indicating that the rescue of the UL51 sequence in FDL51R was successful. Expression of UL50 and UL52 was similar in all cell types, indicating that deletion of the UL51 sequence from the HSV-1 genome has no effect on the expression of neighboring genes.
Furthermore, the expression of UL51 protein was examined by Western blotting. Vero cells infected with FDL51, FDL51R, YK304, and HSV-1(F) were harvested 24 h after infection and were analyzed by using anti-UL51 rabbit polyclonal antibodies. UL46, UL48 (VP16), and UL49 (VP22), all of which are virion-associated tegument proteins synthesized at the late phase of infection, were also examined as controls. As expected, UL51 protein was not detectable in mock-and FDL51-infected cell lysates (Fig. 4) , whereas UL46, UL48, and UL49 protein
FIG. 3. Quantitation of gene expression at loci neighboring UL51. (A) Real-time RT-PCR amplification profile of UL50, UL51
, and UL52 mRNA in FDL51-infected Vero cells. Data analysis was performed using ABI Prism 7700 sequence detection system software (PE Applied Biosystems), with C T values determined by automated threshold analysis. The fluorescence intensity collected in real time for each sample was plotted against the number of PCR cycles. The black horizontal line represents the threshold setting, set at 10 standard deviations above the baseline. The C T value is defined as the fractional cycle number in which the fluorescence generated within a reaction has crossed the threshold. This value indicates that a sufficient number of amplicons have accumulated to a statistically significant point above the baseline. C T values correlate inversely with target gene expression. To assess relative differences in gene transcript levels, 18S rRNA was used as an RNA control. (B) Standard linear regression for HSV-1 genes. Serially diluted pBS1007 was amplified as described in Materials and Methods. Amplification was detected, and the C T was analyzed by linear regression analysis. The formula and correlation coefficient used are shown in each panel. (C) Log copy numbers of mRNA from UL51-neighboring genes in HSV mutant-infected cells. Shown are average values from two separate experiments in which samples were run in duplicate. Transcript levels from real-time PCR were converted to mRNA copy number. levels were roughly equivalent among all of the cell lysates (Fig. 4) , confirming that the effects of the FDL51 mutant are specific.
Growth defects of the UL51 deletion mutant. While UL51 is not essential for HSV-1 replication, previous work showed that a deletion mutant removing both UL50 and UL51 sequences had compromised growth patterns. Thus, we examined the rate of replication of our UL51-null mutant virus by plaque assays and replication kinetics in order to determine whether or not UL51 is involved in viral growth. As shown in Fig. 5a to e, plaques of FDL51 were much smaller than those of wild-type viruses, indicating a growth deficiency in the UL51 deletion mutant. No plaque size reduction was observed in the revertant virus FDL51R, indicating that the growth defect observed in FDL51 mutants was indeed due to the loss of UL51 (Fig. 5b to  e) . Multistep growth analysis indicated that the viral titer of FDL51 was reduced nearly 100-fold compared to that of HSV-1(F) at 72 h postinfection (MOI ϭ 0.01) (Fig. 5f ). Even at an MOI of 3 PFU/cell, the yield of FDL51 was about 50-fold smaller than that of HSV-1(F) (Fig. 5g) . In contrast, the growth curve of FDL51R was almost the same as that of the parental virus ( Fig. 5f and g ). Thus, our results show that UL51 is necessary for the efficient replication of HSV-1 in cultured cells.
UL51 is involved in the egress of virus particles. We next evaluated the distribution of viral particles in FDL51-infected cells by transmission electron microscopy (TEM). Vero cells infected with FDL51, as well as control cells infected with HSV-1(F), were fixed at 24 h postinfection and processed for TEM. As shown in Fig. 6a, b , and d, extracellular, mature virion was rarely observed on the surface of FDL51-infected cells, whereas a large number of viral particles were observed in HSV-1(F)-infected cells (Fig. 6c and e) . In cells infected with FDL51, a number of naked nucleocapsids were readily observed within the cytoplasm although at reduced frequency compared to wild-type virus-infected cells (Fig. 7a and b, arrows) . The number of enveloped mature virions budding into cytoplasmic vacuoles in FDL51-infected cells (Fig. 7a , arrowheads) was also reduced in comparison to the control (Fig. 7b,  arrowheads) . As expected from the results of the immunofluorescence study (data not shown), both FDL51-infected and control cells contained abundant nucleocapsids. However, in FDL51-infected cells, a large number of enveloped nucleocapsids was observed within membranous structures in the perinuclear space (Fig. 7c and d, thick arrows) . By contrast, such accumulation of enveloped nucleocapsids in the perinuclear space was rarely observed in control HSV-1(F)-infected cells (data not shown).
Several interesting features were observed in FDL51-infected cells. As shown in Fig. 7e , a membrane-bound intranuclear structure which contained enveloped nucleocapsids was frequently observed. Nuclear vacuoles harboring HSV-1 particles have been reported and are believed to be continuous with the perinuclear cisterna, resulting from the cross-sectioning of nuclear membrane invaginations (14, 35) . The enveloped nucleocapsids in intranuclear vacuoles were easily differentiated from the extacellular mature virions since the envelope tightly wrapped around the nucleocapsid appeared as sharp thin lines and lacked the fuzzy appearance of the extacellular mature virions. These features are in common with the enveloped nucleocapsids observed in the perinuclear space, which also supports the idea that the intranuclear vacuoles are continuous with the perinuclear cisterna. Another feature with FDL51 is the presence of distorted, interwoven membrane-like structures located near the margin of the nucleus (Fig. 7f) . A similar membrane-like structure has been reported in HSVinfected human amnion FL cells (36) , although its significance remains unknown.
Quantitation of the number of virus particles within each compartment of cells infected with FDL51 provides a striking illustration of the effect of UL51 gene deletion (Fig. 8) . There was no marked difference in the total number of intracellular virus particles per cells infected with either FDL51 or HSV-1(F), although the number of extracellular mature virions was much smaller in FDL51-infected cells than in HSV-1(F)-infected cells (Fig. 8) . In FDL51-infected cells, the number of enveloped nucleocapsids in the perinuclear space was significantly increased. The magnitudes of the decreases in the number of naked nucleocapsids in the cytoplasm and in the number of extracellular mature virions were approximately five-and twentyfold, respectively. Taken together, these findings indicate that the HSV-1 UL51 gene product is important for the egress of virus particles downstream of the initial envelopment step.
DISCUSSION
The present study demonstrates that UL51, which encodes an HSV-1 tegument protein, is involved in the egress and/or maturation process of viral replication. Previous work showed that a recombinant virus in which UL50 and a portion of the UL51 sequence were deleted exhibits smaller plaque formation and impaired viral growth in cell culture and that repair of only the UL51 gene was able to rescue these defects (6) . Although these results suggest that UL51 plays a role in viral replication, the authors were not able to exclude the possibility that the phenotype observed in the R7107 mutant resulted from decreased expression of the UL52 gene, since deletion of viral genes often affects the expression of neighboring genes (6) . Reduced expression of UL52, which encodes the primase of the helicase-primase complex (30) replication, leads to poor viral growth in cell culture. Here, we examined the expression levels of UL51-neighboring genes in FDL51-infected cells. Quantitative real-time RT-PCR analysis revealed that the levels of both UL52 and UL50 transcripts in FDL51-infected cells were indistinguishable from the levels observed in cells infected by wild-type and FDL51R revertant virus (Fig. 3) . Furthermore, it is known that the deletion of UL50, which encodes dUTPase, induces no replication defects of HSV-1 in cell culture (16, 39, 40) , so it is unlikely that mutations of UL50, if any, are responsible for the phenotype of FDL51. Thus, we conclude that the phenotype of FDL51 is due to a lack of UL51, although the possibility that mutations in the neighboring UL52 gene are involved in a part of the phenotype of FDL51 cannot completely be ruled out. Previous studies from our laboratory have shown that UL51 protein is targeted to the Golgi apparatus (37) . The Golgi apparatus plays an important role in assembly and/or maturation of the herpesvirus, particularly in capsid envelopment in the cytoplasm (34, 41) . We thus hypothesized that the growth impairment observed in FDL51 mutants (Fig. 5) results from a defect in the assembly of virus particles. In order to test this, we examined viral morphogenesis in FDL51-infected cells by TEM analysis. Although capsid formation in the nucleus of FDL51-infected cells was unaffected, enveloped FDL51 nucleocapsids accumulated in the perinuclear space. Moreover, the number of nucleocapsids in the cytoplasm, as well as the number of extracellular mature virions, was decreased compared to the wild type. These results suggest that UL51 acts downstream of the initial envelopment process, possibly in egress from the perinuclear space or egress beyond the outer nuclear membrane.
A similar accumulation of virus particles in the perinuclear space is observed in cells infected with several other HSV-1 mutants, including UL20, UL48, and UL53 deletion mutants (5, 17, 35) . UL20 and UL53 encode a nonglycosylated transmembrane protein and the envelope glycoprotein K, respectively, both of which play important roles in the egress of viral particles as well as in the regulation of membrane fusion (5, 17) . UL48 encodes a multifunctional tegument protein known as VP16, which is also required for viral egress beyond the perinuclear space (35) . Although these viral proteins have been shown to localize to the nuclear membrane, the nucleus, and the perinuclear cytoplasmic region, the mechanism by which mutations within these genes affect the egress of enveloped perinuclear virions remains unclear. UL51, when expressed in the absence of other viral proteins, localizes precisely to the Golgi apparatus but does so only partially in HSV-1-infected cells. Previous work showed that treatment of pseudorabies virus-infected cells with brefeldin A, an inhibitor of transport between the endoplasmic reticulum and the Golgi apparatus, results in a dramatic accumulation of enveloped virions between inner and outer nuclear membranes (47) , suggesting the importance of the Golgi functions in the egress of viral particles from the nucleus. It is possible that the absence of UL51 expression in HSV-1-infected cells may induce the aberrant or uncontrolled trafficking of membrane proteins including glycoprotein K, resulting in the accumulation of enveloped perinuclear virions.
UL51 is similar to UL11 in several respects. Both are incorporated into virions as tegument proteins (13, 33) , undergo posttranslational modification of fatty acyl groups such as myristate and palmitate (32, 37) , and localize primarily to the Golgi apparatus when expressed in the absence of other viral proteins (8, 36, 37) , and palmitoylation of these proteins is required for both Golgi targeting and strong membrane association (32, 37) . Furthermore, the deletion of UL11 results in an increase of unenveloped virions within the cytoplasm and a concomitant decrease of extracellular mature virions (4). However, it has also been reported that the deletion of UL11, unlike the case of UL51, does not affect transit across the perinuclear space but affects the envelopment at the inner nuclear membrane (3, 4) . Taken together, it is suggested that, although UL51 and UL11 are similar in nature, they play a role at different steps in the process of egress.
Thus, UL51 appears to play multiple roles in viral replication, including egress of virus particles from the perinuclear space and secondary envelopment in the cytoplasm. However, the accumulation of enveloped capsids in the perinuclear space might be due to the result of a secondary effect induced by the uncontrolled trafficking of cytoplasmic vesicles in FDL51-infected cells. The precise mechanism by which UL51 promotes virus assembly remains to be elucidated, and further work to address this question is presently under way in this laboratory. 
